Introduction
Cell function, phenotype, and cycle state are dictated by expression and processing of RNA molecules. The advent of molecular biology techniques such as polymerase chain reaction (PCR) and microarrays made it possible to determine the phenotype of a cell population by measuring mRNA expression. However, it has been shown that daughter cells plated in the same environment may diverge phenotypically because gene expression is noisy within each single cell, [1] [2] [3] [4] [5] thus the results obtained from sampling a population of cells may mask what occurs at the single-cell level. New techniques such as quantitative PCR can be performed on single cells, [ 6 ] but require lysis of the cells, which prohibits the ability to collect spatial information and limits the temporal data obtained. Currently, resolving mRNA expression spatially in the cytoplasm of cells can be accomplished with www.small-journal.com fl uorescent in situ hybridization (FISH), but requires fi xing cells, limiting studies to discrete time points and preventing a dynamic study of the cell. [ 7 ] To study mRNA expression in live cells, the most widely used probe is the molecular beacon (MB). Using MBs may facilitate the study of both spatial and temporal localization of mRNAs. These molecules consist of DNA or RNA oligonucleotides (native or modifi ed) labeled at one end with a fl uorescent tag and at the other with a quencher molecule. [8] [9] [10] [11] [12] [13] The MB folds into a hairpin-like structure, positioning the fl uorophore and quencher together such that fl uorescence light emission is inhibited. The loop of the hairpin is an oligonucleotide sequence that is complementary to the target mRNA sequence, and upon binding, the MB hairpin opens and fl uorescent light is emitted. This design achieves a high signal-to-noise ratio due to the up to 200-fold increase in fl uorescence upon MB binding to the target mRNA. [ 9, 14, 15 ] A feature that is vital for mRNA studies in live single cells. [ 11, [16] [17] [18] For example, Rhee et al. have shown that MBs can detect Oct-4 expression from a mixed population of stem cells as a method for stem cell detection and isolation using phenotype markers inside the cell. [ 11 ] Recently, Desai et al. used three MBs to detect alkaline phophatase, type I collagen, and osteocalcin mRNAs to follow the timing of differentiation from single-cell adipose stem cells into osteocytes. [ 16 ] Unique variants of MBs, e.g., ratiometric bimolecular beacons (RBMBs) have also been developed to further improve the signal-tobackground of measurements of RNA expression in living cells. [19] [20] [21] The addition of MBs that bind to mRNA in the cytoplasm and generate temporary double-stranded RNA is similar to RNA silencing processes inherent to the cell. However, the complexity and length of the double-stranded structures of microRNA and siRNA precursors [ 22, 23 ] vastly differ from the structure of MBs, making it unlikely that MBs will induce mRNA degradation. Indeed, studies using MBs to target the mRNA of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and K-ras (an enzyme involved in receptor activation) [ 18 ] and Oct-4 mRNA [ 11 ] have shown that mRNA levels are not signifi cantly altered by the presence of the MBs. Furthermore, MBs are not expected to interfere with translation of the target mRNA into protein. [ 24 ] These studies indicate that MBs do not have a deleterious effect to living cells and can be used to monitor gene expression in single cells without altering cell function.
MBs have been delivered into live cells using bulk transfection methods such as streptolysin-O (SLO), [ 18 ] gold nanoprobes, [ 25 ] microporation, [ 13, 26 ] cell penetrating peptide, [ 27 ] and standard bulk electroporation. [ 28 ] However, single-cell transfection of MBs has only been accomplished by microinjection, [ 12, 19 ] a technique that is technically demanding and relatively invasive, particularly for experiments where multiple transfections of the same cell are warranted. Each of these methods can induce signifi cant cellular stress, which can potentially affect their phenotype and limit their usefulness for time-dependent studies. [ 24, 25 ] Methods that require cells in suspension, also suffer the disadvantage that cells must be detached from the culture dish using enzymes, for the transfection procedure, and then re-plated for image analysis.
Therefore, these methods cannot be used to either track the same single cell over time or image the cells immediately after transfection.
Despite the variety of transfection techniques available to deliver MBs, the only minimally invasive technique that would enable transfection of single cells within a population and immediate optical/fl uorescent imaging after transfection is nanofountain probe electroporation (NFP-E). [ 29, 30 ] The NFP-E system consists of a microfl uidic device with a nanoscale cantilever probe tip together with an integrated electronic component and software to deliver a localized voltage to a cell membrane for electroporation. The system can be coupled with standard equipment used for cell research such as an inverted microscope, petri dishes for cell culture, and micromanipulator. Recently, we have reported NFP electroporation of single cells to effi ciently transfect various types of molecules while maintaining high cell viability. [ 29 ] Here, we present single-cell transfection of DNA-and RNA-based MBs [18] [19] [20] using the NFP-E system to demonstrate the potential for this technology to enable studies of gene expression and cell phenotype at a single-cell level. In addition, we demonstrate that the NFP-E system can be used to repeatedly transfect the same cell over a period of 24 h as a proof of concept for timedependent detection of different molecules, which would be particularly useful for monitoring cell differentiation using MBs.
Results and Discussion

NFP-E System for Electroporation of MBs
An NFP chip containing a 1D array of 12 probes was packaged such that fl uidic access and a Ag wire electrode are directly connected to the microchip reservoir. [ 30 ] To reduce the volume of solution containing MBs needed for this work, the NFP chip and packaging were modifi ed from the previously published design containing an array of probes [ 29, 30 ] to generate a one-probe NFP-E unit requiring only 1 µL of solution per experiment ( Figure 1 a) . We were able to reduce the volume to only 1 µL by switching the electrode from the back of the packaging to the front directly above the on-chip reservoir. With this modifi cation, the electrode is always in contact with the electroporation solution, even when using small volumes of solution. Furthermore, the modifi ed packaging makes it possible to recover unused solution such that several experiments transfecting at least 50 cells each can be performed with 1 µL of transfecting solution. The new packaging design did not require changing the electroporation protocol; therefore, we expect the mechanism of NFP electroporation with this packaging to be identical to that previously published.
In prior work we demonstrated that NFP electroporation is gentle to cells and that more than 90% of electroporated cells are viable 4 h after transfection. [ 29 ] However, to follow gene expression and cell differentiation, cells need to stay healthy for several hours or days after electroporation. To further explore cell health after NFP electroporation, we transfected single HeLa cells with dextran tagged with Alexa fl uor-594 (Dextran-AF594) using the NFP-E and determined their state after 24 h of incubation (Figure 1 b) . A representative experiment in Figure 1 b shows electroporated cells remain healthy and undergo cell division, correlating with the previously published high viability observed 4 h post transfection. [ 26 ] These results indicate that the NFP-E system can be used to follow the same single cells over several hours and could be a useful tool for transfecting different molecules or stimuli over time.
In this study, we tested two different MB designs, one DNA-based and the other RNA-based, that target two different mRNAs (Figure 1 c) . The DNA-based MB (DMB) contains an unmodifi ed DNA backbone that effi ciently targets the mRNA of the GAPDH enzyme. [ 18 ] The GAPDH enzyme performs an important role in the glycolysis pathway of a cell, so a healthy cell should express GAPDH mRNA constantly throughout the cell cycle. [ 31 ] This DMB contains a fl uorophore (carboxyfl uorescein, FAM) at the 5′ end and a quencher (BHQ1) at the 3′ end. When not in the presence of its mRNA GAPDH target, it folds in a hairpin confi guration. Upon binding to its target, the hairpin opens and the FAM molecule emits fl uorescence (Figure 1 c) . Similarly, the RNA-based MB (RMB) contains a Cy5 fl uorophore on the 5′ end and an Iowa Black RQ-Sp quencher at the 3′ end. The backbone consists of two 2′-O-methyl-modifi ed RNA molecules hybridized together [ 19, 20 ] (Figure 1 c) . One of the RNA oligonucleotides is longer than the other one, allowing its 5′ end to fold on itself to form a hairpin structure. The double stranded sequence of the RMB contains a 5′ UU overhang, facilitating nuclear export in live cells. [ 19 ] This RMB construct has the potential to contain a second fl uorophore to monitor delivery into the cell that could be used to normalize the signal and quantify gene expression. [ 19 ] For this study, however, we did not employ the RMB with a second fl uorophore (Figure 1 c) .
Transfection of the DNA-Based MB Using the NFP-E System
We fi rst transfected HeLa cells with the DMB using the NFP-E system. Because GAPDH is distributed throughout the cytoplasm, the DMB fl uoresced throughout the cell immediately after transfection ( Figure 2 a) . Ten minutes post transfection, the fl uorescent signal indicated that the DMB had localized inside the nucleus (Figure 2 a) . Nuclear import of the GAPDH-DMB was observed after a few minutes regardless of where the probe tip was positioned on the cell (not shown). These results correlate with other studies showing that small unmodifi ed oligonucleotides, such as the DMB, are sequestered inside the nucleus due to active nuclear import or binding to nuclear proteins. [ 24, 32, 33 ] While this localization is detrimental to the utility of unmodifi ed DNA-based MBs for monitoring gene expression when other transfection methods are used, NFP electroporation enables real time signal acquisition, allowing the observation of the GAPDH-DMB signal before transport into the nucleus occurs. Indeed, by electroporating a cell at one of its extremes (white arrow in Figure 2 b ) and simultaneously imaging the fl uorescence signal, we were able to observe a fl uorescent front diffusing away from the electroporation spot (Figure 2 b, 30 s) . After 4 min, the fl uorescent signal was distributed throughout the entire cytoplasm (Figure 2 b) . This ability to spatially control the transfection site and visualize how the transfected molecule diffuses or is transported inside the cell is a useful feature of NFP electroporation, particularly for gene therapy studies where researchers are interested in determining the fate of injected or transfected genes within a cell. [ 34 ] Currently, to determine the rate of diffusion of DNA nucleotides inside cells, researchers use microinjection to fl ood a cell with a fl uorescently tagged small 2015, 11, No. 20, 2386-2391 Figure 1 . a) Image of the NFP chip with only one probe and polycarbonate packaging unit that incorporates a microchannel for loading the NFP chip and an electrode to apply voltage. [ 29 ] b) Four HeLa cells transfected on day 0 with Dextran-AF594 and imaged after a 24 h incubation (day 1) showing that the electroporated cells divided. The NFP-E probe is shown on the bright fi eld day 0 picture. c) Schematic structures of the two types of MBs used in this study showing how fl uorescence is induced when the MB binds to its mRNA target.
www.small-journal.com DNA molecule and then photo-bleach one spot inside the cell using a laser. [ 32 ] This technique actually measures the intrinsic motion of DNA molecules inside a cell, rather than the true diffusion. By contrast, the NFP-E technique enables the measurement of gradients and moving concentration fronts in real time.
Transfection of RNA-Based MB Using the NFP-E System
Because small oligonucleotides, with unmodifi ed DNA backbones, localize in the nucleus quickly after electroporation, we tested other types of MBs. The RMB molecule is a RNA molecule that contains 2′-O-methyl modifi cations, making it less sensitive to nucleases (RNAses). Moreover, the double stranded nature of the RMB (Figure 1 c) and the 3′-UU overhang resemble structural features of siRNA that facilitate transport out of the nucleus, [ 35 ] inhibiting its accumulation in this organelle. [ 19, 20 ] The RMB in this study targets a short nucleotide sequence, engineered to repeat in tandem 96 times in the 5′-untranslated region of a mRNA encoding green fl uorescent protein (GFP), and emits signal only when this construct is present. [ 19 ] Using NFP electroporation, we transfected the RMB together with dextran-AF594 (as a positive control of electroporation) into single HT1080 cells, which stably express this construct (HT1080 96X), [ 36 ] and into wild type HT1080 (HT1080 WT) cells (Figure 2 c) . In the HT1080 96X cells, we observed immediately after electroporation red fl uorescence indicating RMB binding to its target mRNA. No fl uorescence from the RMB was observed in the transfected HT1080 WT despite the presence of fl uorescence from dextran-AF594, which indicated the occurrance of succcessful transfection. Contrary to the transfection of the DMB, the RMB did not localize in the nucleus within the 30 min that we monitored the transfected cells (Figure 2 d ). This confi rms the fi ndings reported by Chen et al., [ 19 ] where an RMB was transfected using a microporation technique. Thus, using NFP electroporation to transfect single cells with RNAbased MBs, like the RMB used in this study, would provide a method to detect over time the expression of endogenous genes of interest in individual cells within a population.
Transfection into the Same Single Cell Over Time
Time-dependent monitoring of several mRNAs in single cells can be accomplished using multiple MBs to detect different genes. [ 37 ] However, delivery of the MBs is currently only possible using invasive techniques like microinjection or nanoneedles. [ 38 ] The stress to the cell caused by mechanically puncturing the membrane can cause signifi cant damage to cell architecture, and possibly function, [ 36 ] thereby preventing the delivery of probes multiple times over the course of a long-term study. We hypothesize that NFP electroporation could also be used for long term, time-dependent single-cell studies, and may be superior to other techniques by causing less stress on the cell due to the localized nature of the electric fi eld. [ 29 ] As a proof of concept, we transfected single cells on one day (day 0) with bovine serum albumin tagged with Alexa Fluor 488 (BSA-AF488) and then again with a solution of RMB and dextran-AF594 the next day (Day 1). Specifi cally, we transfected a group of HT1080-96X cells with BSA-AF488 ( Figure 3 , Day 0-BSA-AF488) and incubated the plate overnight. The following day, we located the transfected cells using the fl uorescence from the BSA-AF488 and chose one cell to transfect using the RMB and dextran-AF594 solution (Figure 3 , Day 1) . On day 1 some small 2015, 11, No. 20, 2386-2391 Figure 2 . Transfection of DNA-based (DMB) and RNA-based (RMB) molecular beacons by NFP electroporation. a,b) HeLa cells with Hoeschtstained nuclei (blue) were transfected with a DMB specifi c for GAPDH mRNA that fl uoresces green upon binding. [ 18 ] a) After electroporation, green fl uorescence was immediately detected with the majority of DMB transported inside the nucleus within 10 min. b) Diffusion of the DMB was observed in real time by monitoring the fl uorescence signal front through the cytoplasm. c,d) HT1080 cells transfected with the RMB tagged with a Cy5 fl uorophore specifi c for a nucleotide sequence engineered in the untranslated region of a GFP mRNA. [ 19 ] HT1080 96X cells constitutively express 96 tandem repeats of this sequence for signal enhancement. As a positive control for electroporation, dextran-AF594 was transfected in tandem with the RMB. HT1080 WT cells did not show any RMB signal after transfection. d) Fluorescence images of the RMB transfected into HT1080-96X cells 5 min and 30 min after electroporation show that the RMB did not localize in the nucleus after transfection.
of the transfected BSA-AF488 in the target cell had accumulated into certain areas of the cell, likely vacuoles. After electroporation to transfect RMB/dextran-AF594, we observed that these new molecules diffused freely inside the cell. The experimental data are a proof-of-concept for the potential of NFP electroporation for multiple administrations of MBs into the same cell.
Conclusion
We demonstrated that NFP electroporation can be used to deliver MBs into single cells for real-time imaging and analysis of gene expression. We effi ciently transfected two different MB probes that have been previously used to detect mRNA in live cells. We also presented two proof of concept experiments for time-dependent studies: (a) showing that transfected HeLa cells were healthy and had divided within 24 h post transfection, and (b) transfecting the same single cells with different color fl uorophores on two sequential days. Together, these preliminary experimental results indicate that NFP electroporation does not signifi cantly stress the cell or interrupt the cell cycle; a more extensive study to collect statistics on various cell types and protocols is needed to fully assess the potential of the approach. Hence, by using NFP electroporation to transfect RNA-based MBs into single cells, the technique offers the potential to monitor mRNAs expression over time in the same cell. This capability could be used to monitor gene expression in single cells during somatic cell reprogramming (e.g., detection of pluripotency markers) and stem cell differentiation, potentially accelerating the progress of research in embryonic and induced pluripotent stem cells (iPSC). Likewise, single-cell gene expression can be employed in the identifi cation of regulatory networks (e.g., metabolomics) and mechanism of disease in iPSC-derived cells.
Experimental Section
Molecular Beacons : The MB targeting GAPDH was produced using standard DNA synthesis. This DMB is comprised of the following nucleotide sequence and attached molecules: 5′-FAM-CGACGGAGTCCTTCCACGATACCACGTCG-BHQ1-3′. The RMB targeting mRNA from GFP was prepared as previously described and is composed of two hybridized 2-O′-methyl-modifi ed RNA oligonucleotides. [ 13 ] The sequence of the longer oligonucleotide was:
5′CF640R-mCmUmUmC mGmUmC mCmAmC mAmAmA mCmAmC mAmAmC mUmCmC mU mGmAmAmG mGmAmC mGmGmC mAmGmC mGmUmG mCmAmG mCmUmC mUmU-3′. The selfcomplementary domains that promote the formation of the hairpin are underlined. The shorter oligonucleotide contains the following sequence: 5′-mGmAmG mCmUmG mCmAmC mGmCmU mGmCmC mGmUmC-IBRS-3′. The 3′ end of this oligonucleotide contains an Iowa Black RQ-Sp quencher (Integrated DNA technologies, IDT) that quenches the signal emitted by CF640R when there is no target mRNA present. Cell Culture for Passage and Transfection: HeLa cells were purchased from ATCC (Manassas, VA). Engineered HT1080 (HT1080-GFP-96mer and HT1080-GFP) as well as wild type HT1080 were provided by the Tsourkus laboratory. [ 20, 21 ] Cells were cultured in complete Dulbecco's modifi ed Eagle's medium (DMEM, Life Technologies), which contained: DMEM with phenol red supplemented with 10% fetal bovine serum (FBS, Life Technologies) and 1% Pen/ Strep (Life Technologies), and were incubated at 37 °C with 5% CO 2 . Engineered HT1080 cells were cultured in complete DMEM with 10 µg mL −1 blasticidin.
To prepare cells for transfection experiments, we plated HeLa and HT1080 cells in 2 cm-diameter glass bottom petri dishes with complete DMEM supplemented with 20% FBS instead of 10% one day before the experiment. The glass area in the petri dish contained approximately ≈50 000 cells with 800 µL of complete media. The day of the experiment, the complete DMEM media was replaced with DMEM containing Hepes (Life Technologies) and no Phenol Red. For experiments that required maintaining the cells live for a second round of electroporation, the DMEM-Hepes media was removed once the fi rst electroporation was over and new complete DMEM with phenol Red was added. The cells were placed in the incubator at 37 °C with 5% CO 2 until needed.
Electroporation of DMB and RMB Using the NFP-E System: For electroporation of the DMB, a solution of the MB in 1× PBS was prepared with a fi nal concentration of 50 × 10 200 Hz were applied to both HeLa and HT1080 cells upon contact of the cantilever tip with the target cell. Image Acquisition: Experiments were performed using an Eclipse Ti Nikon inverted microscope with motorized stage and automatic objective changer coupled to a CCD Cool SNAP HQ2 camera (Photometrics). Fluorescent light was provided by a Nikon Intesilight C-HGFIE. A super plan fl uor ELWD 40× Ph2 objective was used to aquire bright and fl uorescent light images. The images were aquired and processed with Nikon Elements software.
